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ATP  THRESHOLD  FOR  LOSS  OF  EPITHELIAL  CELL  POLARITY  AND 
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ISCHEMIC  RENAL  INJURY.  C.J.  Holcroft,  H.  Carey,  S.  Van  Why,  X.  Zhu,  G. 
Thulin,  M.  Kashgarian  and  N.J.  Siegel..  Departments  of  Pediatrics  and 
Pathology,  Yale  University,  School  of  Medicine,  New  Haven,  CT. 

Acute  tubular  necrosis  is  a  common  cause  of  intrinsic  acute  renal  failure. 
Ischemic  injury  results  in  depolarization  of  the  Na  +  -K  +  -ATPase  from  the 
basolateral  membrane  in  the  proximal  tubule.  Na  +  -K  + -ATPase  is  linked  to 
the  actin  cytoskeleton  through  two  other  cytoskeletal  proteins:  ankyrin  and 
fodrin.  With  prolonged  ischemia  cellular  tight  junctions  break  down  and 
Na  +  -K  +  -ATPase  disassociates  from  the  cytoskeleton  and  diffuses  to  the 
apical  membrane.  An  experimental  model  of  acute  tubular  necrosis  can  be 
produced  in  rats  after  45  minutes  of  total  occlusion  of  the  renal  arteries. 

For  this  experiment  Sprague-Dawley  rats  were  anesthetized,  the  external 
jugular  vein  was  cannulized,  tracheotomy  was  performed,  and  a  pressure 
transducer  was  placed  in  a  femoral  artery.  A  balloon  pump  was  placed 
around  the  aorta  proximal  to  the  renal  arteries.  The  rat  was  placed  in  NMR 
and  baseline  ATP  levels  were  obtained.  The  balloon  pump  was  then  inflated 
until  the  pressure  transducer  indicated  a  90%  decrease  from  baseline  values. 
The  rats  next  underwent  45  minutes  of  graded  renal  ischemia,  during  which 
ATP  levels  were  monitored.  The  kidneys  were  then  harvested  and  the  kidney 
cortex  was  homogenized  in  a  Triton-X-100  solution.  Triton-X-100  is  a 
detergent  that  separates  cytoskeletal-associated  proteins  into  the  insoluble 
fraction  and  unassembled,  or  disassociated  proteins  into  the  soluble  fraction. 
The  Triton-X-100  soluble  fractions  were  then  run  on  standard  SDS 
electrophoresis  and  Western  blots  were  performed  with  monoclonal 


antibodies  to  Na  +  -K  +  -ATPase  and  polyclonal  antibodies  to  fodrin  and  fodrin 
cleavage  products.  The  quantity  of  proteins  present  in  these  bands  were 
then  determined  by  densitometry. 

Initial  results  suggested  that  a  threshold  for  Na +  -K  + -ATPase 
depolarization  existed.  For  ATP  levels  under  50%  of  baseline  levels,  the 
Triton-X-100  soluble  fraction  of  Na  +  -K  +  -ATPase  appeared  to  be  increased. 
Furthermore,  the  degree  of  Na  +  -K  +  -ATPase  depolarization  increased  with 
decreasing  ATP  levels.  Fodrin  cleavage  products  appeared  in  the  Triton-X- 
100  soluble  lane  at  ATP  levels  at  approximately  60%  of  baseline  values. 

This  suggested  that  fodrin  cleavage  may  play  a  crucial  role  in  the  regulation 
of  Na  + -K  + -ATPase  disassociation  from  the  actin  cytoskeleton. 
Unfortunately,  variability  in  subsequent  experiments  did  not  fully  confirm  the 
initial  resuits;  this  failure  is  likely  due  to  technical  difficulties. 
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Introduction 

Acute  renal  failure  poses  a  serious  clinical  problem  that  may  result  from  a 
variety  of  causes  including  vascular  occlusion,  renal  toxins,  infection,  and 
urinary  flow  obstruction.  (10)  Acute  tubular  necrosis  (ATN)  remains  the 
most  common  cause  of  acute  renal  failure  and  may  be  caused  either  by  renal 
ischemia  or  from  exposure  to  nephrotoxins.  Although  ATN  is  a  reversible 
disease,  it  can  also  lead  to  complications  such  as  electrolyte  disturbances, 
hyperuricemia,  cardiac  arrhythmias,  mental  status  changes,  coagulopathies, 
infection,  and  death.  (2)  Although  much  has  been  learned  about  ATN,  the 
exact  mechanisms  of  its  pathophysiology  remain  unknown.  Its  clinical 
course  is  typically  marked  by  three  phases:  the  prodromal,  oliguric,  and 
postoliguric  phases.  The  length  of  the  prodromal  phase  varies  significantly 
and  some  patients  do  not  undergo  an  oliguric  phase.  In  general,  however,  a 
typical  oliguric  phase  will  last  for  an  average  of  10-14  days,  during  which  the 
serum  creatinine  increases  1-2  mg/dL/day  and  the  urea  nitrogen  increases  by 
10-20  mg/dL/day.  Urine  output  is  usually  decreased  to  50-400  mL/day. 

Urine  output  gradually  returns  to  normal  values  during  the  postoliguric  phase, 
followed  by  normalization  of  the  serum  creatinine  and  urea  nitrogen  levels. 

(4)  Common  complications  include  intravascular  volume  overload, 
hyponatremia,  hyperkalemia,  metabolic  acidosis,  hyperphosphatemia, 
hypocalcemia,  and  hypermagnesemia.  These  complications  are  managed 
with  salt  and  water  restriction,  diuretics,  and  restriction  of  dietary  potassium, 
protein,  phosphate  and  magnesium.  If  necessary,  hyperkalemia  is  treated 
with  potassium-binding  ion-exchange  resins,  glucose  and  insulin,  sodium 
bicarbonate  and  calcium  gluconate.  Dialysis  is  also  indicated  for  clinically 
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significant  uremia,  volume  overload,  hyperkalemia,  or  severe  acidosis  that 
remains  intractable  to  more  conservative  treatment.  Nonetheless,  there  is  no 
evidence  that  dialysis  treatment  improves  the  outcome  of  patients  with  acute 
renal  failure.  All  in  all,  the  mortality  rate  of  people  with  acute  renal  failure  is 
approximately  50%.  This  rate  varies  according  to  the  co-morbidity  of  the 
patient  and  ranges  from  15%  in  obstetrical  patients  to  60%  in  patients  who 
have  undergone  major  surgery  or  trauma.  Of  the  people  who  survive  acute 
renal  failure,  most  regain  enough  renal  function  to  lead  normal  lives.  50%  of 
the  survivors  retain  subclinical  evidence  of  renal  damage,  however,  and  5% 
require  long-term  dialysis  or  kidney  transplantation.  (16)  This  thesis  explores 
the  role  of  cytoskeletal  proteins  in  the  pathogenesis  of  ATN. 

The  proximal  tubule  is  composed  of  polarized  epithelial  cells.  The  apical 
brush-border  membrane  of  these  cells  faces  the  tubule  lumen  while  the 
basolateral  membrane  faces  the  vascular  supply  of  the  kidney.  The  proximal 
tubule  is  responsible  for  the  reabsorption  of  about  two-thirds  of  the  water, 
sodium,  chloride,  and  potassium  filtered  through  the  glomerulus.  The 
proximal  tubule  also  reclaims  almost  all  of  the  glucose  and  amino  acids  lost 
through  the  glomerulus.  This  reabsorption  is  accomplished  in  part  through  a 
variety  of  different  ion  transport  channels  that  are  ultimately  driven  by  the 
Na  + -K  + -ATPase  pump  located  on  the  basolateral  membrane.  The  Na  +  -K  +  - 
ATPase  pump  actively  transports  Na+  out  of  the  cell  cytoplasm  to  be 
absorbed  by  the  vasculature  of  the  kidney.  Concurrently,  K  +  is  pumped 
from  the  vascular  compartment  unto  the  cytoplasm  of  the  renal  cell.  This 
ATP-driven  pump  creates  a  sodium  gradient  across  the  apical  membrane 
between  the  proximal  tubule  cytoplasm  and  the  urinary  tubule  lumen.  This 
gradient  drives  Na  + -coupled  passive  transport  mechanisms  that  govern  the 
reabsorption  of  molecules  such  as  glucose,  amino  acids,  P043',  and  lactic 


acid  across  the  apical  membrane.  These  solutes  then  diffuse  passively 
across  the  basolateral  membrane  and  are  absorbed  by  the  vasculature.  (20) 


3 


ATN,  however,  results  in  structural,  biochemical,  and  physiologic  changes 
in  the  proximal  tubule.  (13)  Renal  ischemia  causes  a  rapid  decrease  in  cellular 
ATP  levels.  When  renal  blood  flow  is  totally  occluded,  ATP  levels  drop  to 
20-25%  of  baseline  values.  In  order  to  conserve  energy,  ATP  is 
preferentially  used  for  non-transport  activities  in  favor  of  active  transport 
functions.  (31)  Microfilament  loss,  blebbing,  and  internalization  of  the  apical 
brush-border  membrane  begin  within  five  minutes  of  the  onset  of  ischemia. 
(18)  With  the  migration  of  cell  membrane  proteins  and  lipids,  basolateral 
Na  +  -K  +  -ATPase  redistributes  to  the  apical  membrane.  Because  Na  +  -K  +  - 
ATPase  is  no  longer  localized  to  the  basolateral  membrane,  it  cannot  create 
an  effective  Na+  gradient.  The  re-absorption  of  Na  +  ,  glucose,  and  other 
solutes  is  thereby  decreased.  (33)  Resolution  of  ATN  can  occur  only  after 
proximal  tubule  polarization  has  been  restored  and  the  Na+  gradient  has 
been  reestablished. 

Polarization  of  the  proximal  tubule  renal  cell,  then,  is  crucial  for  its  proper 
function.  The  proximal  tubule  cell  is  divided  into  apical  and  basolateral 
domains  and  each  has  a  distinct  set  of  lipids  and  membrane  proteins.  (28) 

For  instance,  while  the  apical  membrane  has  a  high  ratio  of 
cholesterol/phospholipid  and  sphingomyelin/phosphatidylcholine,  the 
basolateral  membrane  has  a  low  ratio  of  cholesterol/phospholipid  and 
sphingomyelin/phosphatidylcholine  with  a  high  amount  of 
phosphatidylcholine  and  phosphatidylinositon.  The  different  pattern  of  these 
lipids  leads  to  a  higher  insulating  capacity  in  the  apical  membrane  with  a 
more  fluid  basolateral  membrane  that  permits  more  rapid  diffusion.  (19) 
Similarly,  certain  ion  channels  and  enzymes  such  as  the  Na  +  -K  +  -ATPase 
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pump  are  polarized  to  one  side  of  the  epithelial  membrane.  Correct 
functioning  in  the  cell  depends  on  both  the  development  and  maintenance  of 
this  polarity. 

Development  of  cell  polarity  results  either  from  direct  targeting  of 
membrane  components  or  from  directed  recycling  of  the  endocytosed  cell 
membrane.  After  being  synthesized  in  the  endoplasmic  reticulum,  membrane 
proteins  are  sent  to  the  Golgi  apparatus  for  post-translational  modifications. 
At  the  present  time  it  is  unclear  whether  all  membrane  proteins  are  sent  to 
the  basolateral  membrane  or  if  specific  membrane  proteins  are  targeted 
specifically  to  the  apical  or  basolateral  membrane.  If  all  membrane  proteins 
are  sent  to  the  basolateral  membrane,  then  apical  proteins  would  first  be  sent 
to  the  basolateral  membrane  and  then  later  be  endocytosed  and  redirected  to 
the  apical  membrane.  (30) 

Maintenance  of  cell  polarity  depends  on  several  factors.  Firstly,  proximal 
tubule  cells  undergo  rapid  endocytosis,  and  accurate  recycling  of  the 
endocytosed  membrane  components  is  crucial  not  only  to  develop,  but  also 
to  maintain  polarity.  Secondly,  the  preservation  of  tight  junction  integrity 
prevents  diffusion  of  polarized  lipids  and  proteins  between  the  apical  and 
basolateral  membranes.  Thirdly,  the  attachment  of  membrane  proteins  to  the 
cytoskeleton  serves  to  anchor  membrane  proteins  in  position;  these 
cytoskeletal  attachments  may  also  have  a  role  in  targeting  membrane 
proteins  to  the  correct  part  of  the  membrane.  (26,  27)  For  instance, Triton- 
X-100  soluble  complexes  of  Na  +  -K  +  -ATPase,  ankyrin,  and  fodrin  have  been 
isolated.  (3)  Triton-X-100  is  a  non-ionic  detergent  that  disrupts  hydrophobic 
protein-protein  and  protein-lipid  interactions.  Proteins  that  are  attached  the 
cytoskeleton  "pellet  out"  into  the  Triton-X-100  insoluble  fraction,  while 
proteins  that  are  not  attached  to  the  cytoskeleton  remain  in  the  Triton-X-100 
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soluble  fraction.  (22,28)  The  existence  of  Triton-X-100  soluble  complexes  of 
Na  + -K  + -ATPase,  ankyrin,  and  fodrin  suggests  that  these  proteins  assemble 
together  before  reaching  the  cell  membrane.  At  the  cell  membrane  these 
smaller  precursors  would  then  attach  to  the  cytoskeleton  and  become  Triton- 
X-100  insoluble. 

Attachment  of  cell  membranes  to  cytoskeletal  proteins,  tight  junctions, 
and  cell-to-cell  contacts  also  help  to  preserve  polarity.  (26)  The 
cytoskeleton  provides  structural  support  to  which  the  cell  membrane  proteins 
may  be  attached.  For  instance,  the  actin  backbone  of  the  cytoskeleton  is 
connected  to  cellular  membrane  proteins  through  a  chain  of  other  proteins. 

In  specific,  F-actin  connects  to  fodrin,  which  in  turn  connects  to  ankyrin. 
Ankyrin  in  turn  is  complexed  with  the  Na  +  -K  +  -ATPase  pump. 

Tight  junctions  in  epithelial  cells  encircle  the  apex  of  the  cell  just  under 
the  apical  microvilli.  They  form  a  thin  band  that  fuses  neighboring  cells 
together  and  forms  a  barrier  against  protein  and  lipid  diffusion  between  the 
apical  and  basolateral  membranes.  (1  2)  The  permeability  of  the  tight  junction 
is  regulated  by  microvilli  and  actin  microfilaments  in  the  cytoskeleton.  In 
proximal  tubule  cells  the  tight  junction  is  discontinuous  and  allows  some 
baseline  diffusion  of  intrinsic  membrane  proteins  and  plasma  membrane 
lipids.  Further  disruption  of  the  tight  junction  occurs  rapidly  with  onset  of 
ischemia.  (7,  27,  29) 

The  actin  cytoskeleton  connects  microvilli,  cell-cell  and  cell-substratum 
junctional  complexes,  nonjunctional  cell-cell  complexes,  and  extrinsic  and 
cytoplasmic  membrane  proteins.  (19)  (see  Figure  1) 
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Figure  1:  actin  cytoskeleton  (31) 

The  cytoskeleton  comprises  three  types  of  fibers  called  microfilaments, 
microtubules,  and  intermediate  filaments.  These  elements  give  strength  and 
structure  to  the  cell  and  are  also  involved  in  movement  within  the  cell.  (12) 
Microfilaments,  for  example,  are  composed  of  actin  and  help  form  microvilli. 
Disruption  of  microfilaments  in  proximal  tubule  cells  causes  apical  surface 
disturbances,  blebbing,  vacuolization,  and  fusion  and  patchy  loss  of 
microvilli.  (19)  Microfilament  disruption  also  leads  to  decreased  reabsorption 
of  Na  +  .  (18)  Microtubules,  on  the  other  hand,  are  composed  of  tubulin  and 
are  important  in  intracellular  vesicle  movement  and  protein  delivery  to  the 
plasma  membrane.  They  play  a  crucial  role  in  the  development  and 
maintenance  of  epithelial  cell  polarity.  (1)  Intermediate  filaments  are 
composed  of  one  or  more  rod-shaped  protein  subunits  and  help  to  stabilize 
epithelial  cells  by  connecting  spot  desmosomes.  Spot  desmosomes  are  focal 
areas  of  contact  between  adjacent  epithelial  cell  membranes  that  help  to  hold 


the  cells  together.  (12)  The  cytoskeleton,  then,  remains  essential  for  proper 
functioning  of  the  proximal  tubule  cell. 
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Actin  makes  up  5-20%  of  the  intracellular  proteins  in  nonmuscle  cells  and 
forms  the  backbone  of  the  cytoskeleton.  Actin  is  a  protein  composed  of  374 
amino  acids  and  exists  in  two  forms:  the  globular  form,  or  G-actin,  and  the 
filamentous  form,  or  F-actin.  G-actin  is  soluble  in  the  cytoplasm  and  is 
polymerized  to  F-actin  with  ATP  hydrolysis.  F-actin  is  insoluble  in  the 
cytoplasm  and  is  the  basis  for  microfilaments.  Actin  microfilaments  in 
microvilli  are  formed  in  a  hexagonal  array  and  associate  with  a  variety  of 
other  proteins  such  as  villin,  fimbrin,  calmodulin,  fodrin,  and  ankyrin.  Villin 
and  fimbrin  serve  to  cross-link  the  actin  filaments,  and  calmodulin  helps  to 
anchor  microfilaments  to  the  surface  membrane.  Among  other  things,  fodrin 
and  ankyrin  attach  the  actin  cytoskeleton  to  surface  membrane  proteins  such 
as  Na  + -K  + -ATPase.  (18,  19) 

Fodrin,  or  nonerythroid  spectrin,  was  first  isolated  from  hemoglobin-free 
erythrocytes,  also  known  as  "ghosts".  (3)  Fodrin  is  a  flexible  rod-shaped 
protein  molecule  composed  of  alpha  and  beta  subunits.  The  alpha  subunit 
has  a  molecular  weight  of  approximately  225,000  daltons,  and  the  beta 
subunit  has  a  molecular  weight  of  approximately  280,000  daltons.  These 
subunits  associate  with  each  other  in  an  anti-parallel  fashion  to  form  a 
heterodimer  of  approximately  100  nanometers  in  length.  In  turn,  two 
heterodimers  associate  with  each  other  in  a  head-to-head  fashion  to  form  a 
tetramer  approximately  200  nanometers  long.  Fodrin  cross-links  F-actin 
and  joins  adjacent  actin  bundles.  (11)  It  is  a  major  component  of  the 
terminal  web,  which  is  a  cytosomal  filamentous  layer  that  lies  under  the 
microvilli  in  an  epithelial  cell.  (12)  The  terminal  web  crosslinks  adjacent 
actin  microfilaments  in  a  perpendicular  fashion  and  helps  to  stabilize  the 
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cytoskeleton.  (19,  25)  Fodrin  also  links  the  actin  cytoskeleton  to  ankyrin, 
a  peripheral  membrane  protein  that  attaches  fodrin  to  plasma  membrane 
proteins  such  as  Na  +  -K  +  -ATPase. 

Ankyrin  is  a  nearly  globular  protein  that  binds  to  fodrin  because  of 
favorable  thermodynamics.  Ankyrin  has  a  10-fold  higher  affinity  to  bind  to 
the  fodrin  tetramer  rather  than  the  fodrin  dimer,  and  may  be  partially 
responsible  for  the  conversion  of  fodrin  dimers  into  tetramers.  (3)  Ankyrin 
has  three  separate  domains:  a  regulatory  domain,  a  fodrin-binding  domain, 
and  an  integral  membrane  protein  binding  domain.  (13)  The  regulatory 
domain  is  located  at  the  carboxyterminal  terminus  and  contains  a  calpain 
cleavage  site;  in  erythrocytes,  cleavage  at  this  site  causes  decreased  binding 
to  Na  +  -K  +  -ATPase.  The  fodrin-binding  domain  is  also  located  at  the 
carboxyterminal  terminus  and  attaches  to  the  ankyrin-binding  site  on  the  beta 
subunit  of  fodrin  with  a  free  energy  change  of  -1  1  kcal/mol.  The  integral 
membrane  protein  binding  domain  is  found  at  the  amino  terminus  and 
associates  with  integral  membrane  proteins  including  Na  +  -K  +  -ATPase  in 
proximal  tubule  cell.  (3) 

Intracellular  calcium  ions  serve  as  an  important  source  of  regulation. 
Cytosolic  calcium  is  tightly  controlled  at  approximately  100  nM  at  a  resting 
state  and  a  change  in  as  little  as  1  pM  Ca2+  can  result  in  significant  cellular 
changes.  (12)  Extracellular  calcium  is  ten  thousand  times  more 
concentrated  than  intracellular  calcium,  but  because  of  the  relative 
impermeability  of  the  cell  membrane  there  is  only  a  relatively  slow  influx  of 
calcium  into  the  cell.  (8)  Intracellular  homeostasis  is  maintained  by  the 
extrusion  of  Ca2+  by  Ca2  +  -ATPase,  Na  +  -Ca2  +  exchange  pump,  and 
voltage  and  receptor-operated  Ca2+  channels.  Intracellular  Ca2+  is  also 


sequestered  in  the  endoplasmic  reticulum,  where  it  remains  inactive  until 
released  into  the  cytosol.  (21) 
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Increases  in  cytosolic  calcium  activate  a  range  of  enzymes  including 
protein  kinases,  proteases,  endonucleases,  and  phospholipases.  (9)  For 
example,  intracellular  Ca2+  elevation  results  in  the  degradation  of 
microfilaments.  (19)  Changes  in  calcium  also  activate  protein  kinase  C  and 
the  Na  +  -H  +  anti-port,  thereby  raising  intracellular  pH.  (21)  One  method  by 
which  cytosolic  Ca^  +  is  increased  is  by  stimulation  by  vasoconstrictors. 
Vasoconstrictors  cause  phospholipase  C  to  break  down  membrane 
phosphoinositides  in  cultured  human  mesangial  cells  into  inositol  (1,4,5)- 
trisphosphate,  which  then  causes  the  release  of  intracellular  calcium  ions 
from  endoplasmic  reticulum  stores.  (24)  Angiotensin  may  not  only  be  a 
second  messenger  in  the  cytoplasm,  but  may  also  be  involved  in  signaling  in 
the  cell  nucleus  as  well.  In  the  LLC-PK1  cell  line,  graded  differences  in 
calcium  ion  concentration  have  been  noted  between  the  nucleus  and  the 
cytosol.  In  cultured  vascular  smooth  muscle  cells  from  rat  aorta,  angiotensin 
II  leads  to  an  increase  in  the  nuclear  levels  of  calcium  for  20-30  seconds. 

The  significance  of  this  calcium  surge  is  unknown,  but  may  be  related  to 
nuclear  signaling  and  regulation  of  gene  transcription.  (1  5)  Studies  in  the 
hippocampus  have  shown  that  during  ischemia  the  level  of  cytosolic 
glutamate  rises  and  causes  NMDA-associated  Ca2+  channels  to  open, 
thereby  permitting  the  influx  of  Ca2+  ions.  The  increase  in  intracellular  free 
Ca2+  in  turn  activates  calpain  molecules.  (13)  Calpain  describes  a  set  of 
nonlysosomal  enzymes  that  are  calcium-activated  neutral  proteases.  There 
are  at  least  two  different  variations  of  calpains,  and  these  enzymes  are 
responsible  for  a  significant  part  of  intracellular  protein  degradation. 

Activated  calpain  I,  for  instance,  is  responsible  for  cleaving  fodrin  in  the 
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hippocampus  into  doublet  fragments  140-145  kDa  long.  Ankyrin  also 
contains  a  calpain  digestion  site.  (13)  In  vivo  proteolysis  can  be  inhibited  by 
agents  such  as  EGTA,  leupeptin,  and  N-ethylmaleimide,  but  direct  study  of 
calpains  remains  difficult  due  to  the  autoproteolytic  degradation  of  purified 
proteases.  (3,  11,  13) 

Despite  substantial  research,  the  exact  details  of  acute  renal  failure 
following  ischemia  remain  controversial.  Although  most  now  agree  that 
depolarization  of  the  proximal  tubule  cell  occurs  in  ischemic  renal  epithelial 
injury,  some  argue  that  acute  renal  failure  results  from  other  causes,  such  as 
medullary  injury  from  obstruction  or  the  accumulation  of  toxins  that  are 
concentrated  in  the  medulla.  Brezis  and  Epstein  suggest  that  in  latter  years 
too  much  emphasis  has  been  placed  on  Na  +  -K  +  -ATPase  depolarization  as 
the  sole  mechanism  of  acute  renal  failure.  They  argue  that  while  the  majority 
of  the  blood  flow  of  the  highly  vascularized  kidney  goes  to  the  cortex,  the 
medullary  remains  relatively  hypoperfused  and  may  be  particularly  vulnerable 
to  ischemic  insult.  Additionally,  acute  renal  failure  is  often  marked  by  early 
loss  of  urine  concentration  and  urinary  tubular  casts;  these  findings  suggest 
medullary  involvement.  (6)  In  general,  renal  ischemia  leads  to  the  rapid 
depletion  of  ATP  within  the  kidney.  (9,  14)  With  this  depletion  there  is  an 
accumulation  of  AMP  that  is  then  converted  to  adenosine,  inosine,  and 
hypoxanthine.  (35)  ATP  levels  are  partially  conserved  by  downgrading 
transport  activity.  (17)  Within  the  first  five  minutes  of  ischemia  cellular  tight 
junctions  open  and  microfilament  disruption  in  the  proximal  tubule  occurs. 

(7,  18)  Surface  membrane  lipids  and  proteins  begin  to  lose  polarity,  and 
Na  +  -K  +  -ATPase  can  be  found  in  the  apical  membrane  after  10  minutes  of 
ischemia.  (27)  By  this  time,  cortical  ATP  levels  are  reduced  to  70-90%  of 
preischemic  values.  (35)  After  15  minutes  of  ischemia  the  terminal  web 


develops  large  gaps.  (19)  In  vitro,  ATP-depleted  proximal  tubule  derived  cells 
from  the  LLC-PK1  cell  line  show  aggregation  of  actin  in  the  perinuclear 
region.  (19)  In  vivo,  actin  and  fodrin  diffuse  from  the  apical  region  across 
the  rest  of  the  cytosol.  (17,  18,  19)  Na  +  -K  +  -ATPase,  ankyrin,  and  fodrin 
disassociate  with  each  other,  and  Na  +  -K  +  -ATPase  diffuses  within  the  cell 
membrane  to  the  apical  pole.  (13,  19)  The  loss  both  of  plasma  membrane 
permeability  and  ion  channel  polarity  leads  to  diminished  unidirectional 
transport  in  the  proximal  tubule.  (13,33)  With  the  disruption  of  the 
cytoskeleton,  unattached  parts  of  the  apical  membrane  are  released  and 
cause  obstruction  of  the  renal  tubule.  (27)  Extended  ischemia  can  result  in 
irreversible  damage  such  as  nuclear  pyknosis,  mitochondrial  calcifications, 
and  cytoplasmic  membrane  disruption  that  inevitably  end  in  cell  death. 
Cytosolic  calcium  levels  may  also  be  crucial  in  regulating  cell  injury. 
Venkatachalam  et  al.  showed  that  cultured  MDCK  cells  (Madin-Darby  Canine 
Kidney)  were  protected  against  lethal  cell  injury  from  carbonyl  cyanide-m- 
chlorophenyl  hydrazone,  an  oxidative  phosphorylation  uncoupler,  when 
calcium  was  removed  from  the  culture  medium.  When  calcium  was 
introduced  to  the  culture  medium,  however,  lethal  cell  injury  resulted. 

Further,  cell  death  was  accelerated  with  higher  concentration  of  calcium 
ions.  (39) 

Lesser  degrees  of  ischemic  damage,  however,  can  be  reversed  with 
reperfusion.  Although  with  reperfusion  adenosine,  inosine,  and  hypoxanthine 
diffuse  across  the  cell  membrane  and  are  taken  up  by  the  circulation,  AMP 
and  ADP  are  phosphorylated  into  ATP  relatively  quickly.  De  nova  purine 
synthesis  occurs  relatively  slowly,  however,  and  the  initial  rapid  phase  of 
ATP  recovery  is  then  followed  by  a  period  of  several  hours  of  slower  ATP 
repletion.  (31,  35)  With  reperfusion  the  integrity  of  the  tight  junctions 
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recover  (7)  and  repolarization  of  the  apical  and  basolateral  membranes 
occurs.  At  least  initially,  repolarization  of  Na  +  -K  +  -ATPase  relies  on 
recycling  of  the  Na  +  -K  +  -ATPase  located  on  the  apical  membrane  and  is  not 
dependent  on  new  Na  + -K  + -ATPase  production.  (37,  38) 

Reperfusion,  however,  can  also  cause  reperfusion  injury.  Although  the 
exact  mechanisms  of  this  injury  remain  poorly  understood,  reperfusion  often 
causes  additional  injury  before  cell  function  normalizes.  For  example,  after 
forty  minutes  of  total  ischemia  there  is  minimal  disruption  of  the  microtubule 
network  except  in  the  S3  segment  of  the  proximal  tubule.  With  reperfusion, 
however,  significant  further  disruption  of  the  microtubule  network  occurs. 

(1)  In  the  myocardium  and  gut  it  is  generally  thought  that  reperfusion  injury 
is  due  to  the  production  of  free  radicals  by  xanthine  oxidase  that  occurs  with 
reoxygenation.  (6)  Also,  some  argue  that  the  acidic  environment  generated 
by  ischemia  is  protective  because  it  inactivates  destructive  enzymes  that  are 
activated  with  the  return  of  normal  pH. 

Interestingly,  there  is  some  evidence  to  suggest  that  an  initial  injury  to 
the  kidney  may  actually  serve  to  protect  the  kidney  from  further  insults.  (32) 
In  addition  to  high  temperature  and  toxin  exposure,  hypoxia  also  induces  the 
transcription  of  heat  shock  proteins.  Among  these  heat  shock  proteins  are 
chaperone  proteins  that  help  govern  the  folding  of  proteins.  (6)  It  has  been 
suggested  that  heat  shock  proteins  serve  to  bind  denatured,  aggregated 
proteins  and  help  in  refolding  them  into  their  normal  shape.  Van  Why  et  al. 
investigated  the  induction  of  70-kDa  and  72-kDa  heat  shock  proteins  (HSP- 
70  and  HSP-72)  during  in  vivo  rat  studies.  The  rat  kidneys  underwent  45 
minutes  of  total  ischemia  followed  by  reflow  of  1  5  minutes,  and  2,  6,  and 
24  hours.  Inducible  HSP-70  mRNA  was  present  at  reflow  times  of  1  5 
minutes  and  peaked  at  2-6  hours,  resolving  after  24  hours  of  reflow. 
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Inducible  HSP-72,  on  the  other  hand,  progressively  accumulated  through  the 
24  hours  of  reflow.  The  location  of  HSP-72  in  proximal  tubule  cells  was 
determined  by  immunofluorescense  and  at  1  5  minutes  was  found  to  begin  in 
the  apical  domain.  At  2  and  6  hours  HSP-72  was  found  in  the  cytoplasm  in 
a  vesicular  pattern,  and  at  24  hours  HSP-24  was  dispersed  away  from  the 
apical  domain.  This  pattern  of  localization  correlates  with  injury  found  in  the 
proximal  tubule  from  sublethal  ischemia,  and  suggests  that  HSP-72  may  be 
instrumental  in  repair  following  acute  renal  ischemic  injury.  (36) 
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Statement  of  Purpose 

The  purpose  of  this  thesis  is  to  explore  the  role  of  cytoskeletal  proteins  in 
renal  ischemia.  In  particular,  we  attempted  to  identify  ATP  thresholds  at 
which  Na  + -K  + -ATPase  depolarization  occurred  and  fodrin  cleavage  products 
became  identifiable. 
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Materials  and  Methods 

In  vivo  NMR  experiment  (5,  34,  35) 

Male  Sprague-Dawley  rats  were  anesthetized  with  thiobutabarbital 
sodium  (Inactin,  80  mg/kg  body  weight)  and  placed  on  a  heated  animal 
board.  Tracheotomy  was  then  performed  and  a  catheter  was  placed  in  the 
right  jugular  vein.  Saline  infusion  at  1 .2  ml/hr  was  performed  throughout  the 
experiment  to  replace  fluid  losses.  A  midline  abdominal  incision  was  made 
and  the  aorta  and  renal  arteries  were  exposed  by  blunt  dissection.  A  balloon 
cuffed  vascular  occluder  was  placed  around  the  aorta  distal  to  the  origin  of 
the  celiac  artery,  but  proximal  to  the  origin  of  both  renal  arteries.  A  femoral 
artery  was  cannulated  and  hooked  to  a  pressure  transducer  to  monitor  blood 
pressures.  A  flank  incision  was  made  and  the  left  kidney  was  exposed  and 
placed  in  a  saddle-shaped  NMR  coil.  Baseline  ATP  levels  were  established 
through  31P-NMR  spectroscopy  and  the  balloon  cuffed  vascular  occluder  was 
partially  inflated;  femoral  artery  pressure  was  monitored  to  determine  the 
degree  of  occlusion.  ATP  levels  in  the  left  kidney  were  measured  every  5 
minutes  through  the  NMR  coil  and  when  appropriate,  the  inflation  of  the 
balloon  cuffed  vascular  occluder  was  adjusted  in  an  effort  to  obtain  steady 
levels  of  ATP  depletion.  After  45  minutes  of  ischemia  the  animal  was 
removed  from  the  NMR  machine  and  the  left  kidney  was  harvested.  The 
animal  was  then  sacrificed.  Figure  2  shows  ATP  levels  of  sample  rats  at 
varying  degrees  of  occlusion.  ATP  levels  are  presented  as  a  percentage  of 


initial  baseline  values. 
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Figure  2:  %  ATP  levels  in  rat  kidneys  compared  to  baseline  for  varying 
degrees  of  arterial  occlusion,  (courtesy  of  Dr.  Siegel.) 

Gunilla  Thulin,  Xiao  Zhu,  and  Hugh  Carey  were  responsible  for  the  in  vivo 
rat  procedures  in  this  project. 

Sample  Processing 

The  rat  kidney  was  decapsulated  with  forceps  and  the  medulla  was  cut 
away  with  curved  scissors.  The  kidney  cortex  was  then  placed  in  PHEM  (60 
mM  PIPES,  25  mM  HEPES,  10  mM  EGTA,  2  mM  MgCI2,  pH  6.9)  at  4°  C 
with  0.1%  Triton-X-1  00,  75  ml  PMSF,  leupeptin,  and  DTT.  [PHEM:  60  mM 
PIPES  (Piperazine-N-N'-bis(2-ethanesufonic  acid))  from  Sigma  Chemical 
Company,  25  mM  HEPES  (N-2-hydroxyethyls  piperazine-N'-2-ethanesulfonic 
acid)  from  American  Bioanalytical,  100  mM  EGTA,  2mM  MgC^,  and  0.1  % 
Triton-X-1  00  from  Kodak.]  The  tissue  was  then  diced  with  a  razor  blade  and 
homogenized  on  ice  with  a  Potter-Elvehjem  tissue  homogenizer.  The  sample 
tissue  was  filtered  through  75  pm  NITEX  mesh  and  centrifuged  at  35,000  g 
at  4°  C  for  14  minutes.  The  soluble  fraction  was  removed,  placed  in 
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aliquots,  and  stored  at  '80°  C.  The  pelleted  fraction  was  resuspended  in  the 
same  buffer,  placed  in  aliquots,  and  also  stored  at  '80°  C. 

Protein  Concentration  Assay 

The  protein  concentration  of  the  pelleted  and  soluble  fractions  were 
determined  by  Lowry  assay.  Sample  aliquots  were  thawed  and  known 
bovine  serum  albumin  (BSA)  concentrations  were  used  as  standards.  For  the 
standards  two  test  tubes  each  were  set  out  and  for  the  unknown  tissue 
samples  four  test  tubes  each  were  set  out.  The  appropriate  amount  of  BSA 
(0,  10,  20.  50,  or  75  pi  of  1  mg/ml  BSA)  was  added  to  the  standard  test 
tubes  and  10  pi  of  the  unknown  samples  was  added  to  each  appropriate  test 
tube.  985  pi  PHEM  (60  mM  PIPES,  25  mM  HEPES,  10  mM  EGTA,  2  mM 
MgCl2,  pH  6.9)  was  mixed  with  15  pi  Triton-X-100  (10%  concentration), 
and  10  pi  of  this  buffer  was  added  to  each  standard  test  tube.  Milli-Q  H2O 
was  then  added  to  each  test  tube  for  a  total  test  tube  volume  of  200  pi. 
Depending  on  the  number  of  samples,  0.5ml  of  solution  1  (1  % 
CuS04-5H20),  0.5  ml  of  solution  2  (2%  NaK  Tartrate),  and  49  ml  of 
solution  A  (2%  sodium  carbonate  in  0.1  M  NaOH)  were  mixed  and  1  ml  of 
this  solution  was  added  to  each  test  tube.  After  10  minutes  50  pL  of  Folin 
Ciocalteu  Phenol  reagent  was  added  to  each  test  tube.  After  an  additional 
40  minutes  the  contents  of  the  test  tubes  were  emptied  into  cuvettes  and 
spectrometry  readings  were  obtained  at  700  nm.  Protein  concentrations 
were  determined  by  linear  regression  of  the  BSA  standards.  If  the  readings 
for  a  sample  were  grossly  inconsistent,  then  the  Lowry  assay  was  repeated 
for  the  sample.  If  only  one  value  appeared  inconsistent,  then  the  one  value 
was  discarded  and  the  protein  concentration  determined  from  the  remaining 


three  values. 
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Western  Blot 

Protein  samples  were  mixed  with  equal  amounts  of  sample  buffer  2X 
solution  and  diluted  out  to  equal  concentrations  with  sample  buffer  IX 
solution.  The  loading  samples  were  then  placed  in  a  37°  C  waterbath  for  20 
minutes  and  centrifuged  for  30  seconds.  40  pg  of  each  protein  sample  was 
then  loaded  on  a  sodium  dodecyl  sulfate  (SDS)  polyacrylamide  gel  and  empty 
lanes  were  loaded  with  sample  buffer  IX  solution.  The  running  gel  was 
composed  of  12.5  ml  of  30%  Acrylamide/0.8%  Bis  from  American 
Bioanalytical  or  National  Diagnostics,  18.6  ml  of  1  M  TRIS-HCI  pH  8.8 
((Hydroxymethyl)  aminomethane)  from  American  Bioanalytical,  0.25  ml  of 
20%  SDS  (Sodium  Dodecyl  Sulfate)  from  American  Bioanalytical,  18.5  ml  of 
Milli-Q  H20,  1  50  pL  of  Ammonium  Persulfate,  and  40  pL  TEMED  (N,N,N',N'- 
Tetramethylethylenediamine).  The  stacking  gel  was  composed  of  5.3  ml 
30%  Acrylamide/0.8%  Bis,  5.0  ml  1  M  TRIS-HCI  pH  6.8,  0.2  ml  20%  SDS, 
30  ml  Milli-Q  H20,  0.2  ml  10%  Ammonium  Persulfate,  and  20  pL  of  TEMED. 
The  loaded  gel  was  then  placed  in  the  electrical  apparatus  and  current  was 
run  through  it  until  the  dye-line  of  the  samples  passed  through  the  entire 
running  gel.  In  general,  20  mA  were  used  for  each  gel  during  the  stacking 
gel,  and  this  was  increased  to  30  mA  for  each  gel  for  the  running  gel.  After 
completion  of  the  electrophoresis,  the  proteins  were  transferred  electrically 
from  the  gel  to  nitrocellulose  in  transfer  buffer  of  800  ml  methanol  (J.T. 
Baker)  ,  3.2  L  Milli-Q  H2O,  43.2  g  glycine  (Bio-Rad)  ,  9.1  g  TRIS  (American 
Bioanalytical),  and  4.0  g  SDS  (American  Bioanalytical).  The  proteins  were 
either  transferred  at  0.3  A  overnight,  or  at  0.4  A  for  six  hours. 
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Immunoblotting 

After  transfer  of  the  protein  samples  to  nitrocellulose  paper,  the 
nitrocellulose  paper  was  blocked  with  100  ml  TBST  (940  ml  MQ  H2O,  20  ml 
TRIS  (1M,  pH  7.5),  34.25  ml  4  M  NaCI,  and  1.0  ml  Polyoxyethylene-20- 
Sorbitan  Monolaurate  (Tween  20)  from  American  Bioanalytical)  and  5  g 
nonfat  dried  milk  for  at  least  1  hour.  If  necessary,  the  nitrocellulose  paper 
would  be  stored  overnight  in  this  mixture  at  4°  C.  The  nitrocellulose  paper 
was  then  rinsed  in  TBST  and  washed  in  TBST  plus  a  primary  antibody  for  1 
hour.  Each  protein  sample  was  probed  either  with  a  monoclonal  mouse 
antibody  to  Na  + -K  + -ATPase  (Ascites  c464.6  -  courtesy  of  Dr.  M. 
Kashgarian)  or  with  polyclonal  rabbit  antibodies  to  fodrin  and  fodrin  cleavage 
products  (RAF-B,  courtesy  of  Dr.  J.  Morrow).  After  1  hour  the  nitrocellulose 
paper  was  again  rinsed  with  TBST  and  then  washed  in  TBST  plus  a 
secondary  antibody  for  1  hour.  Anti-mouse  Ig  horseradish  peroxidase  linked 
whole  antibody  from  sheep  (Amersham  Life  Science)  was  used  to  probe  for 
the  Na  + -K  + -ATPase,  and  anti-rabbit  Ig  horseradish  peroxidase  linked  whole 
antibody  from  donkey  (Amersham  Life  Science)  was  used  to  probe  for  whole 
fodrin  and  fodrin  cleavage  products.  The  nitrocellulose  paper  was  then 
washed  in  TBST  and  taken  to  a  dark  room  for  enhanced  chemiluminescence 
(ECL)  detection.  The  ECL  reagents  were  mixed  and  the  nitrocellulose  paper 
was  blotted  and  washed  in  the  ECL  reagents  for  1  minute.  The  nitrocellulose 
paper  was  then  blotted  again  and  placed  between  saran  wrap  in  a  film 
cassette.  Film  was  exposed  to  the  nitrocellulose  for  varying  lengths  of  time 
and  then  developed.  After  film  exposure  was  complete,  the  nitrocellulose 
paper  was  removed  from  the  film  cassettes,  washed  in  TBST,  and  stored  in 
saran  wrap  and  aluminum  foil  at  4°C. 
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Densitometry 

The  developed  film  was  analyzed  by  densitometry  as  described  by 
Masters  et  al.  (23)  For  each  film  a  rectangular  box  was  set  in  order  to  cover 
the  minimum  area  necessary  to  measure  the  total  amount  of  protein  in  the 
gel  bands  of  interest.  For  the  gels  probed  with  monoclonal  antibodies  to 
Na  +  -K  +  -ATPase,  the  bands  in  the  Triton-X-100  soluble  lanes  were 
measured.  For  the  gels  probed  with  polyclonal  antibodies  to  fodrin  and  fodrin 
cleavage  products,  the  doublet  bands  at  approximately  145  kilodaltons  in  the 
Triton-X-100  soluble  lanes  were  measured.  The  rectangular  box  was  made 
large  enough  to  include  both  bands.  The  densitometer  gave  an  average  grey 
scale  unit  score  on  an  arbitrary  linear  scale  ranging  from  0  to  255  units. 

Each  gel  was  read  three  separate  times,  and  the  average  of  the 
measurements  was  taken  for  each  protein  band.  The  average  measurement 
of  the  Triton-X-100  soluble  fraction  of  the  sample  proteins  was  then 
compared  to  the  average  measurement  of  the  Triton-X-100  soluble  fraction 
of  the  control  sample  for  that  film,  and  the  percentage  of  the  amount  of 
sample  protein  compared  to  the  amount  of  control  protein  was  calculated. 
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Results 

In  total,  62  rat  kidneys  were  harvested  for  this  experiment.  Of  these,  7 
rat  kidneys  were  from  sham-operated  controls.  39  of  the  remaining  55  rat 
kidneys  were  used  for  data  collection.  Of  the  16  rat  kidneys  that  were  not 
used,  14  were  discarded  because  of  inconsistent  ATP  levels,  one  was 
discarded  because  of  improper  collection  technique,  and  one  was  discarded 
because  the  ischemic  period  lasted  for  55  minutes  instead  of  45  minutes. 
These  kidney  samples  were  run  on  SDS  gels  as  described  above  with 
different  sham-operated  control  rat  kidney  cortex  samples.  Figure  3  displays 
a  sample  ECL  detection  of  a  Western  Blot  probed  with  monoclonal  antibodies 
to  Na  + -K  + -ATPase.  Both  Triton-X-100  pellet  (insoluble)  and  soluble  lanes 
are  shown  (labeled  P  and  S).  The  first  two  lanes  show  the  control  pellet  and 
soluble  fractions,  followed  by  samples  with  ATP  levels  of  56%  and  52%. 


Figure  3:  ECL  detection  of  Western  blot  probed  with  monoclonal  antibodies 
to  Na  +  -K  + -ATPase. 


Figure  4  displays  a  sample  ECL  detection  of  a  Western  Blot  probed  with 
monoclonal  antibodies  to  Na  + -K  + -ATPase.  Both  Triton-X-100  pellet  and 
soluble  lanes  are  shown  (labeled  P  and  S).  The  first  two  lanes  show  the 
control  pellet  and  soluble  fractions,  followed  by  samples  with  ATP  levels  of 
46%,  36%,  and  31%.  There  is  a  marked  increase  in  Triton-X-100  soluble 
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Na +  -K  + -ATPase  for  ATP  levels  under  50%  of  baseline.  Further,  for  ATP 
levels  under  50%  there  appears  to  be  a  graded  increase  in  the  amount  of 
Triton-X-100  soluble  Na  +  -K  +  -ATPase  in  relation  to  the  amount  of  ATP 
depletion. 


31% 
P  s 


Figure  4:  ECL  detection  of  Western  Blot  probed  with  monoclonal  antibodies 
to  Na  +  -K  +  -ATPase. 

Table  #1  gives  the  result  of  the  proteins  probed  by  monoclonal  antibodies 
to  Na +  -K  + -ATPase.  The  results  of  the  ECL  detection  were  measured  by 
densitometry  as  described  by  Masters  et  al.  (23)  Each  sample  was  measured 
by  densitometry  three  different  times  and  the  values  were  averaged.  The 
densitometry  results  are  presented  as  the  strength  of  the  signal  of  the  Triton- 
X-100  soluble  fraction  of  the  ischemic  sample  over  the  strength  of  the  signal 
of  the  Triton-X-100  soluble  fraction  of  the  control  sample.  This  percentage 
is  then  averaged  to  give  an  overall  result. 
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Table  #1:  Results  from  protein  samples  probed  with  monoclonal  antibodies  to 
Na  +  -K  +  -ATPase.  Column  1  shows  the  average  level  of  ATP  during  45 
minutes  of  ischemia.  Columns  2-4  show  densitometry  measurements  of  the 
Triton-X-100  soluble  fractions  of  the  protein  samples  over  the  control 
sample.  Column  5  shows  the  average  percentage  of  the  values  listed  in 
columns  2-4. 


%  ATP 

Sample/Control 
Measurement  #1 

Sample/Control 
Measurement  #2 

Sample/Control 
Measurement  #3 

Average  %  of 
Measurements 
#1  -#3 

<35* 

60/28  =  214% 

49/22  =  223% 

56/26  =  215% 

217% 

103/60=  172% 

81/46=  176% 

78/45  =  173% 

174% 

51/7  =  729% 

37/4.5  =  822% 

37/5  =  740% 

764% 

<35* 

10/0.1  =  10,000% 

10/0.1  =  10,000% 

8.5/0.05  =  17,000% 

12,333% 

26 

29/7  =  414% 

10/4.5  =222% 

11/5  =  220% 

285% 

27 

4/14  =  29% 

4/15  =  27% 

2/9  =  22% 

26% 

1. 6/0.1  =  1600% 

1.3/0. 1  =  1300% 

1.3/0.05  =  2600% 

1833% 

31 

13/14  =  93% 

14/15  =  93% 

9/9=  100% 

95% 

37 

16/28  =  57% 

12/22  =  55% 

16/26  =  62% 

58% 

41/60  =  68% 

33/60  =  55% 

31/45  =69% 

64% 

11/7=  157% 

0.1/4. 5  =  2.2% 

0.5/5  =  10% 

56% 

37 

26/75  =  35% 

19/67  =  28% 

21/69  =  30% 

31% 

38 

88/31  =284% 

90/26  =  346% 

84/25  =  336% 

322% 

39 

1. 2/0.1  =  1,200% 

0.8/0. 1  =  800% 

0.7/0.05  =  1,400% 

1,133% 

40 

10/14  =  71% 

11/15  =  73% 

7/9  =  78% 

74% 

40 

2.8/0. 1  =2,800% 

2.6/0. 1  =2,600% 

2.3/0.05  =  4,600% 

3,333% 

41 

11/14  =  79% 

13/15  =  87% 

8/9  =  89% 

85% 

42 

68/75  =  91% 

61/67  =  91% 

62/69  =  90% 

91% 

42 

21/0.1  =21,000% 

21/0.1  =21,000% 

17/0.05  =  34,000% 

25,333% 

44 

5/7  =  71% 

8/4.5  =  178% 

9/5  =  1 80% 

143% 

44 

69/75  =  92% 

56/67  =  84% 

59/69  =  86% 

87% 

45 

64/75  =  85% 

52/67  =  78% 

55/69  =  80% 

81% 

46 

15/14=  107% 

18/15  =  120% 

11/9=  122% 

116% 

48 

68/75  =  91% 

57/67  =  85% 

59/69  =  86% 

87% 

48 

67/75  =  89% 

54/67  =  81% 

57/69  =  83% 

84% 

49 

53/31  =  171% 

48/26=  185% 

45/25  =  180% 

179% 

50 

41/31  =  132% 

38/26=  146% 

36/25  =  144% 

141% 

51 

36/31  =  116% 

32/26  =  123% 

30/25  =  120% 

120% 

54 

0.4/0. 1  =400% 

0. 1/0.1  =  100% 

0.1/0.05=200% 

233% 

54 

16/14  =  114% 

16/15  =  107% 

12/9=  133% 

1 1 8% 

55 

31/14  =  221% 

14/15  =  93% 

24/9  =  267% 

194% 

57 

48/35  =  137% 

48/34=  141% 

40/27  =  148% 

142% 

58/31  =  187% 

55/26  =  212% 

52/25  =  208% 

202% 

57 

59/51  =  116% 

43/38  =  113% 

44/39  =  1  13% 

114% 

58 

44/28  =  157% 

38/22  =  173% 

43/26=  165% 

165% 

89/60  =  148% 

79/46=  172% 

77/45  =  171% 

164% 

1/7  =  14% 

0.3/4. 5  =  7% 

1/5  =  20% 

14% 

61 

0. 1/0.1  =  100% 

0.02/0.1  =20% 

0.01/0.05  =  20% 

47% 

62 

48/35  =  137% 

50/34  =  147% 

40/27  =  148% 

144% 

44/31  =  142% 

39/26  =  142% 

36/25  =  144% 

143% 
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%  ATP 

Sample/Control 
Measurement  #1 

Sample/Control 
Measurement  #2 

Sample/Control 
Measurement  #3 

Average  %  of 
Measurements 
#1  -#3 

2.5/0. 1  =2,500% 

2/0. 1  =  2,000% 

2.2/0.05  =  4,400% 

2,967% 

63 

38/35  =  109% 

38/34  =  1 12% 

32/27=  119% 

1 13% 

80/31  =258% 

77/26  =  296% 

72/25  =  288% 

281% 

31/0.1  =31,000% 

32/0.1  =32,000% 

27/0.05  =  54,000% 

39,000% 

70 

38/35  =  109% 

38/34=  112% 

29/27  =  107% 

109% 

53/31  =  171% 

53/26  =  204% 

49/25  =  196% 

190% 

72 

25/0.1  =25,000% 

24/0.1  =24,000% 

20/0.05  =  40,000% 

29,667% 

72 

44/35  =  126% 

45/34  =  132% 

36/27  =  133% 

130% 

37/31  =  119% 

32/26  =  123% 

31/25  =  124% 

122% 

73 

0.3/28  =  1% 

0.2/22  =  0.9% 

0.2/26  =  1% 

1% 

2.5/60  =  4% 

2/46  =  4% 

1.4/45  =  3% 

3.7% 

1/7=  14% 

3/4.5  =  67% 

4/5  =  80% 

54% 

76 

0.4/28=  1% 

0.7/22  =  3% 

2/56  =  4% 

2.7% 

5/60  =  8% 

4/60  =  7% 

3/45  =  7% 

7.3% 

1/7=  14% 

1/4.4  =  22% 

2/5  =  40% 

25% 

85 

38/51  =  75% 

27/38  =  71% 

29/39  =  74% 

73% 

98 

2.2/0. 1  =2,500% 

2/0.1  =2,000% 

2.2/0.05  =  4,400% 

2,967% 

*  These  two  samples  were  taken  from  rats  with  100%  occlusion  of  the  renal 
arteries  for  45  minutes.  The  ATP  levels  were  not  measured  by  NMR 
technique,  but  presumably  were  <  35%. 


Figure  5  displays  a  sample  ECL  detection  of  a  Western  Blot  probed  with 
polyclonal  antibodies  to  fodrin  and  fodrin  cleavage  products.  Only  Triton-X- 
100  soluble  lanes  are  shown.  The  Triton-X-100  soluble  lanes  of  ischemic 
samples  with  ATP  levels  of  52%,  56%,  61  %,  and  80%  of  baseline  values 


are  shown. 
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Figure  5:  ECL  detection  of  Western  blot  probed  with  polyclonal  antibodies  to 
fodrin  (F)  and  fodrin  cleavage  products  (FCP). 

Figure  6  displays  a  sample  ECL  detection  of  a  Western  Blot  probed  with 
polyclonal  antibodies  to  fodrin  and  fodrin  cleavage  products.  Only  Triton-X- 
100  soluble  lanes  are  shown.  The  first  lane  shows  the  control  Triton-X-100 
soluble  fraction,  followed  by  ischemic  samples  with  ATP  levels  of  46%, 
36%,  and  31%.  In  conjunction  with  figure  5,  Triton-X-100  soluble  fodrin 
cleavage  products  become  identifiable  at  ATP  levels  below  60%  of  baseline 


values. 
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Figure  6:  ECL  detection  of  Western  blot  probed  with  polyclonal  antibodies  to 
fodrin  (F)  and  fodrin  cleavage  products  (FCP). 

Table  #2  displays  the  results  of  the  proteins  probed  with  polyclonal 
antibody  to  fodrin  and  fodrin  cleavage  products.  Once  again,  the  results  are 
given  as  a  ratio  of  the  measured  amount  of  the  Triton-X-100  soluble  fraction 
of  the  protein  sample  over  the  amount  of  Triton-X-100  soluble  fraction  of  the 
control  sample.  The  average  percentage  is  then  presented  in  lane  5. 
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Table  #2:  Results  from  protein  samples  probed  with  polyclonal  antibodies  to 
fodrin  and  fodrin  cleavage  products.  Column  1  shows  the  average  level  of 
ATP.  Columns  2-4  show  densitometry  measurements  of  the  Triton-X-100 


soluble  fractions  of  the  protein  samples  over  the  control  sample.  Column  5 


shows  t 

ie  average  percentage  of  the  va 

ues  listed  in  columns  2-4. 

Sample/Control 

Sample/Control 

SampSe/Control 

Average  %  of 

%  ATP 

Measurement  #1 

Measurement  #2 

Measurement  #3 

Measurements  #1-#3 

<35* 

58/20  =  290% 

59/20  =  295% 

64/20  =  320% 

302% 

<35* 

15/6  =  250% 

16/7  =  229% 

1 7/7  =  243% 

241% 

26 

32/20  =  160% 

32/20  =  160% 

34/20  =  170% 

163% 

27 

7/13  =  54% 

7/13  =  54% 

9/14  =  64% 

57% 

8/6=  133% 

9/7=  129% 

10/7=  143% 

135% 

31 

24/13  =  185% 

24/13  =  185% 

25/14=  179% 

183% 

37 

35/20  =  175% 

36/20=  180% 

38/20  =  190% 

1 82% 

37 

3/1  =  300% 

3/0.5  =  600% 

4/0.9  =  444% 

448% 

38 

2/6  =  33% 

2/7  =  29% 

2/7  =  29% 

30% 

39 

6/6=  100% 

7/7=  100% 

7/7=  100% 

100% 

40 

10/13  =  77% 

10/13  =  77% 

11/14  =  79% 

78% 

40 

6/13  =  46% 

6/13  =46% 

7/14  =  50% 

47% 

41 

7/13  =  54% 

7/13  =  54% 

8/14  =  57% 

55% 

42 

34/1  =  3,400% 

35/0.5  =  7,000% 

32/0.9  =  3,556% 

4,652% 

42 

7/6=  117% 

8/7=  114% 

8/7=  114% 

115% 

44 

27/20=  135% 

28/20  =  140% 

29/20  =  145% 

140% 

44 

15/1  =  1,500% 

15/0.5  =  3,000% 

15/0.9=  1,667% 

2,056% 

45 

9/1  =  900% 

9/0.5  =  1,800% 

9/0.9  =  1,000% 

1,233% 

15/13  =  115% 

14/13  =  108% 

16/14=  114% 

112% 

46 

6/13  =46% 

6/13  =46% 

7/14  =  50% 

47% 

48 

31/1  =3,100% 

35/0.5  =  7,000% 

32/0.9  =  3,556% 

4,552% 

48 

6/1  =  600% 

6/0.5  =  1,200% 

7/0.9  =  778% 

859% 

49 

3/6  =  50% 

5/7  =  71% 

5/7  =  71% 

64% 

50 

6/13  =  46% 

6/13  =46% 

7/14  =  50% 

47% 

51 

11/13  =  85% 

11/13  =  85% 

12/14  =  86% 

85% 

54 

13/6  =  217% 

13/7  =  186% 

14/7  =  200% 

201% 

54 

24/13  =  185% 

23/13  =  177% 

25/14=  171% 

178% 

55 

10/13  =  77% 

10/13  =  77% 

11/14  =  79% 

78% 

57 

5/6  =  83% 

6/7  =  86% 

6/7  =  86% 

85% 

57 

0. 5/0.4  =  125% 

0. 1/0.1  =  100% 

0.2/0. 1  =  200% 

142% 

58 

27/20=  135% 

32/20  =  160% 

31/20  =  155% 

150% 

61 

13/6  =  217% 

14/7  =  200% 

15/7  =  214% 

210% 

62 

6/6=  100% 

7/7=  100% 

7/7=  100% 

100% 

63 

2/6  =  33% 

3/7  =  43% 

3/7  =  43% 

40% 

70 

10/13  =  77% 

10/13  =  77% 

11/14  =  79% 

78% 

72 

29/6  =  483% 

28/7  =  400% 

30/7  =  429% 

437% 

72 

4/13  =  31% 

4/13  =  31% 

4/14  =  29% 

30% 

73 

14/20  =  70% 

36/20=  180% 

37/20=  185% 

145% 

76 

31/20  =  155% 

33/20  =  165% 

33/20  =  165% 

162% 

85 

0.4/0. 4  =  100% 

0. 1/0.1  =  100% 

0. 1/0.1  =  100% 

100% 

98 

15/6  =  250% 

16/7  =  229% 

17/7  =  243% 

241% 

*  These  two  samples  were  taken  from  rats  with  100%  occlusion  of  the  renal 
arteries  for  45  minutes.  The  ATP  levels  were  not  measured  by  NMR 
technique,  but  presumably  were  <  35%. 
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Discussion 

This  thesis  hoped  to  identify  an  ATP  threshold  beneath  which  Triton-X- 
100  soluble  fractions  of  Na  +  -K  + -ATPase  and  fodrin  cleavage  products 
increased.  The  preliminary  data  showed  in  the  results  section  support  the 
hypothesis  that  such  a  threshold  exists.  The  Triton-X-100  soluble  fractions 
of  rat  kidney  cortex  probed  with  monoclonal  Na  + -K  + -ATPase  antibodies 
show  a  marked  increase  in  Triton-X-100  soluble  Na  + -K  + -ATPase  for  ATP 
levels  under  50%.  Further,  beneath  this  threshold  there  appears  to  be  a 
graded  increase  in  the  amount  of  Na  +  -K  + -ATPase  present  in  the  Triton-X- 
100  soluble  lane  in  relation  to  the  amount  of  ATP  depletion.  This  implies 
that  Na  +  -K  +  -ATPase  disassociation  from  the  cortical  cytoskeleton  does  not 
significantly  occur  until  ATP  levels  have  been  depleted  to  50%  of  baseline 
values.  Additionally,  it  appears  that  the  amount  of  Na  +  -K  +  -ATPase 
depolarization  is  related  to  the  extent  of  ATP  depletion.  Because  the  kidneys 
were  harvested  directly  after  the  45  minute  period  of  ischemia,  however, 
these  data  do  not  predict  whether  reperfusion  injury  would  occur  at  higher 
levels  of  ATP. 

The  preliminary  data  for  Triton-X-100  soluble  fodrin  cleavage  products 
also  indicate  that  an  ATP  threshold  for  fodrin  breakdown  exists.  Fodrin 
cleavage  products  in  the  Triton-X-100  soluble  fraction  become  identifiable  at 
ATP  levels  of  approximately  60%  of  baseline  values.  Although  fodrin 
cleavage  products  were  identifiable  in  the  Triton-X-100  soluble  level  for 
samples  with  ATP  levels  less  than  60%  of  baseline  values,  no  graded 
increase  of  fodrin  cleavage  products  was  noted  with  decreasing  ATP  levels. 
These  findings  are  intriguing  and  suggest  that  fodrin  cleavage  precedes  Na  +  - 
K  + -ATPase  depolarization  from  the  basolateral  membrane.  Because  Na  +  - 
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K  +  -ATPase  attaches  to  the  actin  cytoskeleton  through  ankyrin  and  fodrin, 
this  raises  the  question  whether  or  not  fodrin  may  be  part  of  the  regulatory 
process  that  governs  the  detachment  of  Na  +  -K  +  -ATPase  from  the  actin 
cytoskeleton.  This  also  hints  at  the  possibility  that  calcium-activated 
proteases  may  be  crucial  in  cleaving  fodrin  and  releasing  Na  +  -K  +  -ATPase 
from  the  cytoskeleton,  particularly  as  calpains  are  known  to  cleave  fodrin  in 
the  hippocampus.  Clearly,  however,  these  speculations  require  further 
investigation.  It  would  be  particularly  interesting  to  look  at  Triton-X-100 
soluble  ankyrin  in  relationship  to  Triton-X-100  soluble  fodrin  and  Na  +  -K  +  - 
ATPase. 

Unfortunately,  although  the  preliminary  data  were  promising,  subsequent 
attempts  at  quantifying  the  data  failed  to  confirm  the  initial  experiments  and 
hypothesis.  When  the  additional  data  were  divided  into  groups  by  ATP 
levels,  no  significant  difference  was  found  in  the  average  amount  of  Triton-X- 
100  soluble  Na  +  -K  +  -ATPase  or  fodrin  cleavage  products.  This  lack  of  a 
specific  threshold  can  be  attributed  a  variety  of  factors  that  merit 
consideration.  First,  it  may  not  be  fair  to  compare  different  Western  blots  to 
each  other  as  different  controls  and  lengths  of  exposure  were  used  for  each 
set  of  samples.  Not  only  do  the  individual  controls  differ  from  each  other, 
but  even  for  the  same  gel,  different  densitometry  results  were  obtained  for 
different  exposures  of  the  same  Western  blot.  In  the  future  it  would  seem 
wise  to  use  the  same  control  for  each  gel  and  to  expose  the  various  films  for 
the  same  amount  of  time.  Further,  as  well  as  a  negative  control,  the  same 
known  positive  control  could  also  be  run  on  each  gel.  The  amount  of  protein 
present  could  then  be  interpolated  from  the  densitometry  values  read  from 
the  negative  and  positive  controls.  In  order  to  reduce  error  introduced  by  gel 
loading,  two  lanes  of  each  control  sample  could  also  be  loaded  in  order  to 


obtain  an  average  value.  Although  these  measures  would  not  completely 
eliminate  gel  to  gel  variation,  they  would  help  to  diminish  this  error. 
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Next  the  technical  difficulties  of  operating  on  the  rats  must  be 
acknowledged.  Although  the  procedures  on  some  of  the  rats  went  smoothly, 
other  rats  took  significantly  longer  to  prepare  for  inflation  of  the  vascular  cuff 
occluder.  It  is  possible  that  these  more  difficult  rats  sustained  a  renal  insult 
before  ATP  levels  were  obtained.  As  each  rat  was  used  as  its  own  control 
for  determination  of  baseline  ATP  levels,  a  decrease  of  ATP  levels  at  the 
beginning  of  the  experiment  would  not  be  noted.  Alternatively,  it  can  be 
argued  that  if  heat  shock  proteins  serve  a  protective  function,  a  minor 
ischemic  insult  to  the  kidneys  before  the  balloon  cuffed  occluder  was  inflated 
could  actually  help  prevent  the  same  extent  of  acute  tubular  necrosis. 

Next,  variations  occurred  in  the  processing  of  the  kidney  samples  after 
the  45  minute  ischemic  period  was  complete.  Despite  efforts  to  process  the 
kidney  cortex  as  quickly  as  possible  after  removal  from  the  rat,  some 
samples  took  longer  to  process  than  others.  Thus,  although  the  kidney 
cortex  was  placed  in  buffer  with  protease  inhibitors,  there  was  variation  in 
the  length  of  time  it  took  to  isolate  and  homogenize  the  kidney  cortex. 

During  this  time  it  is  possible  that  native  proteases  were  able  to  degrade 
intact  fodrin  into  fodrin  cleavage  products.  Also,  although  the  samples  were 
homogenized  on  ice,  the  friction  generated  by  the  Potter-Elvehjem  machine 
resulted  in  heat  that  could  further  degrade  intact  fodrin.  These  degradation 
products  would  relate  to  the  processing  of  the  kidney  samples  and  would  not 
correspond  to  the  amount  of  ATP  depletion  in  the  kidney.  It  is  also  important 
to  note  that  although  calpain  degrades  fodrin  into  two  140-145  kD  pieces, 
there  are  also  multiple  other  nonspecific  enzymes  that  degrade  fodrin  into 
similarly  sized  products.  (1  1)  Further,  fodrin  in  the  Triton-X-100  soluble 
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fraction  includes  cytosolic  fodrin  and  does  not  solely  correspond  to  fodrin 
linked  to  Na  + -K  + -ATPase.  The  significance  of  some  of  these  speculations 
could  be  explored  by  further  investigation  into  variances  between  control 
animals.  Comparisons  could  be  made  between  sham-operated  animals  and 
rats  that  have  their  kidneys  removed  directly  after  the  onset  of  anesthesia. 
Also,  samples  from  the  same  animal  could  be  left  at  room  temperature  for 
varying  lengths  of  time  after  processing  to  assess  the  degree  of  protein 
degradation  that  occurs.  Samples  could  also  be  placed  in  SDS  solution 
before  storage  at  '80°C  in  order  to  prevent  further  degradation  by  proteases 
during  storage. 

Of  interest  are  the  consistent  results  found  in  cell  culture.  Hugh  Carey, 
M.D.,  took  LLC-PK1  cells  that  correspond  to  the  proximal  tubule  cells  in  the 
kidney.  These  cell  cultures  were  incubated  with  0.1  mM  antimycin-A  plus  a 
graded  concentration  of  D-glucose  for  two  hours  and  then  placed  them  in 
PHEM  buffer  with  added  protease  inhibitors.  The  cells  were  then  harvested 
and  processed  in  a  similar  manner  to  the  homogenized  kidney  cortex.  The 
varying  concentrations  of  D-glucose  resulted  in  graded  levels  of  ATP  in  the 
different  cell  cultures.  When  probed  by  antibodies  to  Na  +  -K  +  -ATPase  and 
fodrin  cleavage  products,  these  cell  cultures  revealed  a  graded  depolarization 
of  Na  +  -K  +  -ATPase  that  corresponded  with  the  level  of  ATP  depletion  in  the 
cell  culture.  Additionally,  the  amount  of  fodrin  cleavage  product  found  in  the 
Triton-X-100  soluble  fraction  correlated  with  the  degree  of  ATP  depletion  in 
the  cell  cultures.  These  results  support  the  intuitive  hypothesis  that  separate 
threshold  levels  of  ATP  depletion  exist  under  which  Na +  -K  + -ATPase 
depolarization  and  fodrin  cleavage  products  occur,  even  if  we  have  yet  to 
identify  these  thresholds  in  vivo. 
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